Introduction
============

Apoptosis is a common mechanism used by multicellular organisms to remove cells that have damaged regulatory pathways controlling cellular proliferation and homeostasis. The Bcl-2 family of proteins integrates various cellular signals and controls mitochondrial outer membrane permeabilization, an event widely believed to commit cells to apoptosis.[@R1] Anti-apoptotic proteins, including Bcl-XL, Bcl-2, and Mcl-1, inhibit the executer proteins BAX and BAK that, once activated, oligomerize and permeablize mitochondria, and the BH3-only proteins that directly (Bid and Bim) or indirectly (Bad) activate BAX and BAK.[@R2] One of the key common features of cancer cells is the failure of apoptosis that is often caused by the overexpression of anti-apoptotic proteins that neutralize the pro-apoptotic signaling generated by aberrant growth control.[@R3]^,^[@R4] Thus, it is expected that inhibiting anti-apoptotic proteins may provide an effective way to selectively kill cancer cells or sensitize them to chemotherapy.

Based on this concept many anticancer drugs are under development; however, ABT-737 and ABT-263, inhibitors of both Bcl-XL and Bcl-2, are the most successful ones. Designed to mimic the BH3-only protein Bad, ABT-737 has nanomolar affinities for Bcl-XL and Bcl-2 when soluble fragments are used as binding targets and displaces BH3-only proteins from the binding pocket of Bcl-XL.[@R5]^,^[@R6] ABT-737 is specifically toxic to some cancer cell lines without disturbing normal cells,[@R5]^,^[@R7]^,^[@R8] and enhances the cytotoxicity of a variety of chemotherapy reagents to different cancer cell lines.[@R9] To solve the delivery problems of ABT-737, i.e., low oral bioavailability, high nonspecific binding to proteins and low solubility, the orally active derivative ABT-263 was developed. Also called Navitoclax, the binding profile to anti-apoptotic proteins and potent activity against cancer cell lines is similar to ABT-737.[@R10] However, the specificity and selectivity of the drugs to full-length proteins in live cells or mitochondria-like environments were unknown until our recent findings showing that in live MCF-7 cells, ABT-737 can displace Bad and tBid but not Bim from Bcl-XL and Bcl-2.[@R11]

Although the activity of ABT-737 in live HEK293T cells was also reported recently by detecting the relocalization of mCherry-fused BH3 proteins, the use of constructs with truncated transmembrane regions limited it from being an effective approach to study the interactions between membrane binding proteins.[@R12] Studies of full-length purified Bcl-2 family proteins with liposomes revealed that significant conformational changes occur when the proteins bind to cellular membranes, as evidenced by dramatic changes in their interacting partners and relative binding affinities.[@R13]^-^[@R15] These changes make it difficult to infer what happens in live cells from measurements made in vitro using soluble protein fragments and peptides.[@R16]^,^[@R17] For this reason, we have developed systems in which physical interactions between Bcl-2 family proteins can be detected using full-length proteins in membranes, membrane-like environments and in live cells.[@R11]^,^[@R15]^,^[@R18]^-^[@R22]

To quantify these interactions in live cells, fluorescent fusion proteins (Venus-Bcl-XL/Bcl-2 and mCherry-BH3s) were expressed in MCF-7 cells, and fluorescence resonance energy transfer (FRET) was detected between them by fluorescence lifetime imaging microscopy (FLIM).[@R23]^-^[@R25] Compared with other fluorescence techniques, lifetime measurement is not affected by spectral bleed-through or by changes in the excitation intensity,[@R26] which makes FLIM FRET robust for measurements in live cells undergoing stress or other manipulations. By selecting regions of interest (ROIs) in the images at the areas enriched in mitochondria, we were able to measure the interactions not only in live cells, but also in the cellular site where apoptotic regulation occurs. When we applied this technique to study the interactions of BH3 proteins with Bcl-XL and Bcl-2, we observed that the interactions between Bcl-XL/Bcl-2 and Bim are not as sensitive to mutations of the conserved BH3 region of Bim (a double alanine substitution) as were the BH3-only proteins Bad and tBid. Consistent with this result, ABT-737 selectively inhibited binding of Bcl-XL/Bcl-2 to Bad and tBid but not to the major isoforms of Bim. These findings using FLIM FRET provided unique insights into the protein:protein interactions between Bcl-XL/Bcl-2 and Bim in MCF-7 cells that were not detected by other means.[@R11] Here we have extended our investigations to a mutation of another conserved residue in the BH3 region, the glycine/serine in the LXXXG/SDX motif (the residue is a glycine in Bid and Bim and a serine in Bad). The G/S to E mutants disrupted Bad and tBid but not Bim binding to Bcl-XL/Bcl-2. We also studied the effect of ABT-263 on these interactions. ABT-263 has comparable activity to ABT-737 in disrupting the complexes between Bcl-XL/Bcl-2 and Bad/tBid in MCF-7 cells and displays the same inhibitory pattern; i.e., ABT-263 does not prevent the binding of Bim to Bcl-XL/Bcl-2. Taken together, our results suggest that FLIM FRET interaction studies can be used to guide drug-modification to change the specificities of the drugs in a biologically relevant context.

Results and Discussion
======================

Rationale for using FLIM FRET to measure compartment-specific protein interactions
----------------------------------------------------------------------------------

To study the interactions between Bcl-XL and BH3-only proteins in live cells, we established a MCF-7 cell line stably expressing Venus-Bcl-XL, in which we induced variable expression of mCherry-BH3-only proteins (mCherry-BH3s) by transient transfections. The process by which FLIM FRET can be used to measure Bcl-XL:BH3 interactions is illustrated in [Figure 1](#F1){ref-type="fig"}. When imaging these cells, any one bright pixel may correspond to a different number of fluorescent donor or acceptor molecules. Indeed, due to the limited resolution of microscopy, some pixels may contain large numbers of donors and acceptors. In this simplified example, we illustrate five pixels (I--V) in which there are three Venus-Bcl-XL molecules ([Fig. 1A](#F1){ref-type="fig"}). In the first pixel (no expression of mCherry-BH3s), the lifetime of Venusτ~0~ ("non-FRETing") is around 2.8 ns ([Fig. 1A, I](#F1){ref-type="fig"}). Subsequent pixels (II--V) illustrate the formation of Bcl-XL:BH3 complexes by which the Venus FRET donor is close to its matching acceptor mCherry (less than 100 Å^26^) in a fixed distance and alignment. This distance and alignment determine the spectroscopic FRET efficiency and can be different for every pair of proteins. When mCherry-Bad is expressed in the cells by transient transfection, the energy transfer between bound pairs of fluorescent proteins results in a lifetime decrease of Venus to 2.3 ns (τ~f~) ([Fig. 1A](#F1){ref-type="fig"} II--V). Because the expression of mCherry-BH3s will vary in different parts of the cell, the amount available to bind to Venus-Bcl-XL will vary accordingly. Thus, there will be different ratios of Venus-Bcl-XL molecules undergoing FRET in each pixel of the FLIM image. The pixel lifetime (τ~p~) is the mean value of the lifetimes for each fluorescent donor molecule (Venus-Bcl-XL) in that pixel, and the decrease of τ~p~ from τ~0~ is proportional to the fraction of bound or "FRETing" Venus-Bcl-XL in that pixel. As a result, τ~p~ for Venus in II-V pixels vary, and the relative values of the FLIM FRET efficiency (calculated by E% = (1-τ~p~/τ~0~) × 100%) represent the fraction of Venus-Bcl-XL formed complexes with mCherry-BH3s in that pixel ([Fig. 1A](#F1){ref-type="fig"}, II--V).

![**Figure 1.** Diagram interpretation for FLIM FRET data analysis. (A) Scenarios for individual pixels (I--V) that may have different lifetimes of Venus-Bcl-XL due to different FLIM FRET efficiency (%) between donor (Venus) and acceptor (mCherry) resulting from different percentages of Bcl-XL bound to BH3-only proteins. Bcl-XL is in blue, BH3-only protein is in lavender, mCherry is in red, "non-FRETing" Venus whose lifetime τ~0~ is 2.8 ns is in dark green, and the "FRETing" Venus with a lifetime τ~f~ at 2.3 ns is in light green. R stands for the ratio of the intensities of the acceptor to donor, and E is the FLIM FRET efficiency. (B) Mean lifetime of ROIs. Pixels with different lifetimes for Venus-Bcl-XL in the 5 × 5 image are shown in different colors as indicated, and the pixels in white are those without expression of Venus-Bcl-XL. The equations to calculate the mean lifetime for each ROI are listed. (C) Representative images of FLIM FRET measurement. From left to right are the intensity images from the Venus channel and the mCherry channel, the intensity-weighed FLIM FRET image in which fluorescence lifetimes are presented in a continuous pseudocolor scale ranging from 2.2 to 3.1 ns, and the lifetime histogram of Venus-Bcl-XL fluorescence lifetimes using the same pseudocolor scale. (D) Binding curve fitting for FLIM FRET Efficiency (%) over the ratio of acceptor to donor. The red boxes show the bin size and standard error calculation, and the blue line shows the fitted binding curve.](cc-11-3536-g1){#F1}

Similar to the pixel lifetime (τ~p~), the lifetime for a selected region of an image (τ~roi~) is averaged among the pixels in that ROI ([Fig. 1B](#F1){ref-type="fig"}), thus the extent of energy transfer between the FRET pair in that ROI reduces the lifetime of the fluorescence donor in a manner proportional to the fraction of Venus-Bcl-XL that is in complexes with an interacting mCherry-BH3. Therefore the value of the FLIM FRET efficiency of that ROI is an indicator of the percentage of Venus-Bcl-XL bound to mCherry-BH3s in that region of a cell or an image ([Fig. 1B](#F1){ref-type="fig"}). Since the Bcl-2 family of proteins function primarily at the outer mitochondrial membrane,[@R14] ROIs enriched in mitochondria were selected for further analysis from FLIM images ([Fig. 1C](#F1){ref-type="fig"}). For ROIs \#1 and \#2, mCherry-BH3 acts as FRET acceptor, and the lifetimes of Venus-Bcl-XL decrease to 2.5 ns (as shown in red) in the intensity-weighed FLIM image and the FLIM histogram. In contrast, ROI \#3 shows non-detectable expression of mCherry-BH3, thus the lifetime of Venus-Bcl-XL in that ROI corresponds to the 2.8 ns peak in the histogram and is displayed in blue in the intensity-weighed FLIM image. After collecting intensities and lifetime values for \> 500 ROIs, the FLIM FRET efficiency (E%) and the ratio of the intensities of the acceptor to donor (R) are calculated as E% = (1-τ~roi~/τ~0~) × 100% and R = I~mCherry~/I~Venus~ respectively. These data are shown in [Figure 1D](#F1){ref-type="fig"} plotted as E (proportional to bound Venus-Bcl-XL) vs R (the relative expression of mCherry-BH3). These data are then distributed in different bins (red boxes) and fit with an improved hyperbolic function (see details in Materials and Methods section, blue curve in [Fig. 1D](#F1){ref-type="fig"}). This curve provides an estimate of the maximal FLIM FRET efficiency (Emax), a feature unique to each pair of interacting partners that is determined by the distance and alignment between the fused FRET donor and acceptor and the binding affinities (Kd) between Bcl-XL and BH3-only proteins in the analyzed cellular compartment. The fitted Kd is in the same unit scale as the ratio R, which is an artificial number depending on the laser settings. Thus, Kd may vary when different instruments or settings are employed.

Therefore, FLIM FRET is useful not only to confirm the physical interactions between proteins, but can also be used to accurately measure these interactions. Therefore, this system can be used as a platform in live cells to compare quantitatively the efficiency of drugs or mutations that disrupt protein:protein interactions. Both of these effects can be measured as an increase of the fluorescent donor lifetime and a decrease in the FLIM FRET efficiency.

ABT-263 is a comparable alternative for ABT-737
-----------------------------------------------

In our previous publication,[@R11] we tested the inhibitory effects of ABT-737 using FLIM FRET in MCF-7 cells overexpressing either Venus-Bcl-XL or Venus-Bcl-2. As noted in the previous section, one cannot directly compare the binding curves for BH3-only proteins binding to Bcl-XL with Bcl-2 because of differences in the expression levels, in the folding fidelities of the two Venus-fused proteins and potential differences in distance and alignment of the FRET pair. However, for a Venus-fused Bcl-XL and one mCherry-BH3 protein, it is possible to compare the extent to which different small molecules inhibit binding. Therefore, to compare the activities of ABT-263 with ABT-737 in MCF-7 cells, we performed FLIM FRET measurements in MCF-7 cells expressing Venus-Bcl-XL or Venus-Bcl-2 transfected with different mCherry-BH3 constructs in the presence of these drugs. Due to laser maintenance and realignment, the settings for laser power differ slightly from those we used previously. These settings affect the exact value of the artificial ratio of acceptor to donor (R) and, thus, the measured dissociation coefficient (Kd). For this reason we repeated the binding curves for the DMSO control and for 5 μM ABT-737 under the same conditions as the measurements for ABT-263 for the current comparison.

As shown in [Figure 2](#F2){ref-type="fig"}, the binding of the mCherry-BH3s to either Venus-Bcl-XL or Venus-Bcl-2 (black curves) generated typical binding curves except the one between Venus-Bcl-XL and mCherry-tBid. We could not determine if this curve came to saturation, as the population did not contain enough cells expressing high levels of mCherry-tBid ([Fig. 2B](#F2){ref-type="fig"}), possibly because these levels were toxic to cells. Treatment of the cells with ABT-737 (red curves) or ABT-263 (blue curves) reduced the binding between Venus-anti-apoptotic proteins and mCherry-Bad or mCherry-tBid similarly ([Fig. 2A, B, D and E](#F2){ref-type="fig"}). ABT-263 displays comparable activity to ABT-737 in inhibiting these interactions in MCF-7 cells, suggesting that they have similar binding affinities for the anti-apoptotic proteins, or that the reported slightly lower affinity of ABT-263 compared with ABT-737 may be compensated for in live cells by improved specificity.[@R10] The increased values of the Kd for Venus-Bcl-XL:mCherry-Bad or Venus-Bcl-2:mCherry-Bad binding in the presence of the drugs indicates that the drugs function as competitive inhibitors of Bcl-XL and Bcl-2, as expected for BH3 mimetics ([Fig. 2A and D](#F2){ref-type="fig"}). The inhibitory effects of ABT-737 and ABT-263 on binding of mCherry-tBid with Venus-Bcl-XL or Venus-Bcl-2 resulted in a decreased Emax and/or a higher Kd ([Fig. 2B and E](#F2){ref-type="fig"}). The drop in Emax is possibly due to missing data at high ratios of mCherry-tBid to Venus fused anti-apoptotic proteins, which affects curve fitting and the calculated Kd value. In contrast to the inhibition of mCherry-Bad or mCherry-tBid binding to Bcl-XL and Bcl-2, both ABT-737 and ABT-263 did not disrupt the binding of mCherry-BimEL to Venus-Bcl-XL or Venus-Bcl-2 ([Fig. 2C and F](#F2){ref-type="fig"}). Very minor changes in Kds were observed in ROIs containing mitochondria, indicating that BimEL binds anti-apoptotic proteins at mitochondria either with much higher affinity than in solution, or by a different mechanism in MCF-7 cells.

![**Figure 2.** Both ABT-737 and ABT-263 inhibit the interactions between Bcl-XL/Bcl-2 and Bad or tBid but not BimEL. The binding of (A and D) mCherry-Bad, (B and E) mCherry-tBid and (C and F) mCherry-BimEL to (A-C) Venus-Bcl-XL or (D-F) Venus-Bcl-2 in the presence of vehicle control (DMSO) are shown in black, and the inhibition by ABT-737 and ABT-263 are shown in red and blue respectively. The error bar indicates standard error.](cc-11-3536-g2){#F2}

Binding of mCherry-BimEL to Venus-Bcl-XL exhibits a higher tolerance to mutations in the BH3 region than Bad or tBid
--------------------------------------------------------------------------------------------------------------------

To further examine the differences in binding to Venus-Bcl-XL or Venus-Bcl-2 by mCherry-BimEL, mCherry-Bad and mCherry-tBid, we introduced point mutations in the BH3 region of these proteins. As reported previously, the 2A mutations ([Fig. 3A](#F3){ref-type="fig"}) abolished binding of mCherry-Bad and mCherry-tBid to either Venus-Bcl-XL or Venus-Bcl-2, but only had minor effects on the interaction of the three major isoforms of Bim with Venus-Bcl-XL or Venus-Bcl-2.[@R11] Here, we extended this study to the conserved G/S in the LXXXG/SD motif of the BH3 regions. According to the 3D structures obtained for soluble versions of the proteins, this glycine localizes along the binding interface of the Bcl-XL:BH3 complexes (2BZW and 2YXJ, [Figure 3B](#F3){ref-type="fig"}) and is critical for the interactions between tBid and Bcl-XL.[@R27] Consistent with these results our data demonstrated that both the G94E mutant of mCherry-tBid and the S118E mutant of mCherry-Bad did not bind to either Venus-Bcl-XL or Venus-Bcl-2 ([Fig. 3C, D, F and G](#F3){ref-type="fig"}, red curves). In comparison, the corresponding G154E mutant of mCherry-BimEL behaved like the wild-type protein ([Fig. 3E](#F3){ref-type="fig"} and [3H](#F3){ref-type="fig"}, red curve), reinforcing the notion that Bim is much more tolerant of mutations in the BH3 region. This result is consistent with the results obtained using the BH3 mimetics ABT-737 and ABT-263. At present, it is not clear if this unexpected binding characteristic of Bim is an inherent property of the membrane-bound form of the protein, or if it is due to a novel binding surface not previously characterized, or the result of an unidentified posttranslational modification or additional binding partner(s) that stabilize the complex in MCF-7 cells. Thus, further exploration of the interaction between anti-apoptotic proteins and Bim in live cells will be required to determine the molecular mechanism(s) underlying the unusual binding properties of Bcl-XL:Bim and Bcl-2:Bim complexes in mitochondria of MCF-7 cells.

![**Figure 3.** The effects of mutations in BH3 regions of BH3-only proteins on their interactions with Bcl-XL and Bcl-2. (A) Sequence alignments for the BH3 regions from the indicated proteins. The LXXXG/SD motif and the conserved residues that were mutated are in black and labeled as subscripts. (B) G154 and S118 localize along the interacting interfaces in the complexes. G154 is shown and labeled in the aligned structures of BH3 peptides in the complexes Bcl-XL:Bim-BH3 (1PQ1, pink) and Bcl-XL:Bad-BH3 (2BZW, blue). Bcl-XL is shown in gray surface. (C--H) The binding of (C and F) mCherry-Bad, (D and G) mCherry-tBid and (E and H) mCherry-BimEL to (C-E) Venus-Bcl-XL or (F-H) Venus-Bcl-2 are shown in black, and the curves for mutants (mCherry-Bad-S118E, mCherry-tBid-G94E, and mCherry-BimEL-G154E) binding to Venus-Bcl-XL or Venus-Bcl-2 are in red. The error bar indicates standard error.](cc-11-3536-g3){#F3}

Conclusions
===========

FLIM FRET is a powerful approach to explore protein:protein interactions at specific cellular locations in live cells. By precisely measuring the effects of small-molecule inhibitors and point-mutations, FLIM FRET was able to elucidate the unique features of BimEL binding to either Bcl-XL or Bcl-2. This suggests that the technique can guide drug modification studies to improve inhibition of the binding of BimEL to anti-apoptotic proteins. Moreover the results presented here together with those we published previously that characterize the interaction between Hexokinase II and PEA-15 demonstrate the versatility of this approach and suggest that many other subcellular interactions are amenable to measurement by FLIM FRET.[@R28]

Materials and Methods
=====================

Constructs and cell lines
-------------------------

The constructs used in this study were generated as described;[@R11] the mutants were obtained using oligonucleotides and DNA amplification using Phusion DNA polymerase (New England Biolab). The MCF-7 human breast cancer cell line stably expressing Venus-Bcl-2 was cultured in α-Minimum Essential Medium (Invitrogen) supplemented with 10% fetal bovine serum (HyClone) and 500 μg/ml neomycin. For microscopy, 1 × 10^5^ cells were seeded onto 25 mm diameter coverslips (0.17 mm thickness) and cultured as above for 18--24 h. Transient transfections of the plasmids encoding mCherry-BH3 proteins[@R11] were performed using Fugene HD according to the manufacturer's protocol (GE). Cells treated with ABT-737 or ABT-263 were incubated at 37°C in a fresh media containing drugs at the indicated concentration 18--24 h before imaging.

Steady-state fluorescence confocal imaging and fluorescence lifetime measurements
---------------------------------------------------------------------------------

The coverslips with cells were washed in PBS and placed in a chamber with 0.5 ml of PBS or PBS-containing drug at the specified concentrations. Steady-state fluorescence images were acquired using a Leica TCS SP5 (Leica Microsystems CMS GmbH) equipped with a 63 × 1.3NA PlanApo glycerol immersion objective. Images of Venus and mCherry were acquired using 514 nm and 561 nm excitation, respectively, and emission was collected between 525--555 nm and 580--670 nm, respectively. The average fluorescence intensity of individual cells or regions was quantified using ImageJ.[@R29]

Fluorescence lifetimes were quantified using the Leica TCS SP5 confocal microscope (Leica Microsystems CMS GmbH) equipped with an integrated SPC-830 TCSPC system (Becker and Hickl GmbH) and Chameleon Ultra pulsed laser (Coherent Inc.). The Ti:Sapphire laser was tuned to 960 nm to provide optimal multiphoton-excitation for Venus,[@R24] and the emission was acquired between 510--555 nm. TCSPC-images (256 pixels × 256 pixels × 256 time bins) were recorded for 40 sec using Becker and Hickl SPCM acquisition software with the photon count rate set to avoid photon pileup and the laser power set to minimize photobleaching during acquisition. Using SPCImage software (Becker and Hickl GmbH), the average lifetime per pixel of the TCSPC-data was analyzed with the FLIM pixels binned to ensure a peak photon count \> 100 and a total photon count \> 1,000. The lifetime and photon count for each pixel were further exported for ImageJ analysis. Lifetime histograms and intensity-weighted fluorescence lifetime images were generated using ImageJ.

To generate binding curves, the ROIs containing mitochondria and ER were selected, and the corresponding intensities in both Venus and mCherry channels and the average lifetime were measured using a customized ImageJ script. Cells were manually discarded from the analysis if the Venus-Bcl-2 signal was too low (and therefore noisy), or close to saturated or the mCherry signal was close to saturated. The ratio of mCherry to Venus was calculated using the intensities of each channel. FLIM FRET efficiency (E%) was calculated for each ROI as: E% = (1-τ~i~/τ~0~) × 100%, where τ~i~ is the mean lifetime for that ROI, and τ~0~ is the average lifetime of all ROIs not expressing detectable mCherry. FLIM FRET efficiency was the distributed into bins of the same size according to mCherry:Venus ratio (bin size 0.2 for ratios lower than 1 and 0.5 for ratios higher than 1) and plotted (± se) against mCherry:Venus ratio. The binding curves were fitted using GraphPad Prism version 5.0d for Macintosh (GraphPad Software, [www.graphpad.com](http://www.graphpad.com)) with the function: E% = Emax × (I~mCherry~ ÷ I~Venus~)^h^/\[Kd^h^+(I~mCherry~ ÷ I~Venus~)^h^\]. Emax is the maximum FLIM FRET efficiency corresponding to saturation of donor binding sites by an acceptor; I~mCherry~ and I~Venus~ are intensities of mCherry and Venus, respectively; Kd is the relative equilibrium dissociation constant; h is the Hill slope.
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